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Bacterial detection in waterA surface-basedmethod that can provide early and label-free detection of target microorganisms inwater is pre-
sented. The method combines three key features, namely, (a) accelerated transportation to, and focusing of bac-
teria on, the detection surface bymeans of alternating current (AC) electrokinetic effects, (b) selective capture of
the target microorganism using surface-immobilized antibodies, and (c) sensitive detection of target bacteria
withmicro-Raman spectroscopy. The non-uniform electricﬁeld is created by anAC signal-driven planar, quadru-
polar, goldmicroelectrode array that is deposited on the detection surface (oxidized silicon wafer). AC electroos-
mosis and dielectrophoresis combine to produce the desired concentration ampliﬁcation of bacteria on the
capture surface within a fewminutes. Bacterial detection is, subsequently, accomplished through Raman spectra
acquired at pre-determined locations near the electrodes after sample removal and rinsing of the capture surface.
Using this technique, detection of Escherichia coli K12 (target microorganism) at concentrations as low as 102
bacteria per mL was reproducibly achieved from 50 μL sample droplets. This method also permits the selective
retention of a target microorganism from polymicrobial mixtures, as demonstrated here with the capture of
E. coli K12 from their mixtures withMicrococcus luteus.
© 2015 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).1. Introduction
Current drinking water bacteria tests are performed in a labora-
tory, or use microbiological culture kits that require a minimum of
18–24 h of incubation [1]. Microﬂuidics-based prototypes demon-
strating reduced testing time have been recently reported for ﬁeld
monitoring of bacteria [2,3]; however, they still have relatively
high detection limits (∼104 cell/ml), low sample throughput and
may require expensive supporting equipment. Molecular
diagnostic detection methods (DNA or RNA-based) are still
laboratory-based [4,5]. The ability to concentrate bacteria in-situ
without culturing, or with signiﬁcantly reduced culture times, is
a unique competitive advantage for new technologies and key
toward addressing challenges faced with bacterial culturing and
detection. One way to achieve desired concentration ampliﬁcation
in microﬂuidic settings is by means of specially designed
microelectrode arrays that can cause electric ﬁeld effects, such as
electroosmosis and dielectrophoresis [6]. Proof-of-principle
demonstrations of how electric-ﬁeld-assisted preconcentration. This is an open access article understrategies enable the detection of dilute target analytes are numer-
ous [7,8]. Some characteristic examples are cited here for viruses
[9,10], bacteria and yeast [11,12], DNA [13], and peptides [14].
For a successful biosensing application, concentration ampliﬁ-
cation must be paired with sensitive signal transduction. Micro-
Raman spectroscopy, i.e., Raman spectroscopy performed through
microscope optics, is rapidly emerging as a promising in situ bacte-
rial detection and characterization technique that can be readily
interfaced with microﬂuidic detection platforms [15–17]. A com-
prehensive review on this subject can be found in [18]. Although
very few reports currently exist on bacterial detection methods
that combine micro-Raman spectroscopy with electric ﬁeld-
assisted pre-concentration, the results are already very impressive.
Speciﬁcally, using dielectrophoretic focusing and micro-Raman
spectroscopy, Schröder et al. demonstrated a method to classify
pathogenic bacteria from urine samples (>105 cfu/mL) within a
few minutes and without labeling [19]. Using a microelectrode
array Cheng et al. demonstrated bacterial focusing and detection
by means of surface enhanced Raman spectroscopy (SERS) on a
roughened metal surface inside a microﬂuidic chip [20]. Recently,
Madiyar et al. performed SERS on nanotag-labeled bacteria concen-
trated by means of dielectrophoresis over a nanoelectrode array
and were able to demonstrate a detection limit of app. 102 cfu/mLthe CC BY license (http://creativecommons.org/licenses/by/4.0/).
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detection and characterization method, which can amplify a
Raman signal by a thousand-fold or more; however, it usually in-
volves nanoparticles or specially prepared substrates that result
in more complicated detection protocols.
Here we demonstrate a simple, label-free, surface-based meth-
od that employs micro-Raman spectroscopy for the detection of
bacteria from sample droplets of only a few microliters without
need for signal ampliﬁcation. To increase the speed and efﬁciency
of detection, a planar microelectrode array is incorporated into
the detection surface. The array generates an alternating current
(AC) electric ﬁeld that causes accelerated bacterial transport from
the bulk of the droplet to predetermined concentration spots on
the sensor’s surface. Moreover, decoration of the microelectrode
area with antibodies adds selectivity to the method, thus permit-
ting the detection of a target pathogen from samples containing
mixed bacterial populations.2. Materials and methods
2.1. Materials
Biotin-conjugated polyclonal antibodies to Escherichia coli K12
were purchased from Cedarlane (Burlington, ON). All other mate-
rials were purchased from Sigma–Aldrich Canada Co. (Oakville,
ON). Polished silicon wafers (4″ diameter) with a thermally
grown SiO2 layer (0.5 μm) were purchased from University Wafer
(South Boston, MA, USA). Millipore® water (18.2 MΩ cm) was
used throughout the experiments.2.2. Microchip fabrication
The negative photoresist ma-N 1405 (Microresist Technologies
GmbH, Berlin, Germany) was used to photolithographically trans-
fer the microelectrode pattern from a chromiummask to the silicon
substrate. A 5 nm layer of thermally evaporated chrome was used
to improve the adhesion of the deposited Au layer (100 nm thick-
ness) to the SiO2 substrate.2.3. Microchip functionalization
A 15 μL droplet (500 μg/mL) of biotinylated bovine serum albu-
min (BSA) dissolved in phosphate buffer saline (PBS) was placed
over the microelectrodes and left overnight for BSA adsorption to
occur. After washing with PBS (15 min) and water (15 min) and
drying in a stream of air, a 15 μL droplet (2.5 mg/mL) of avidin so-
lution was placed on the chip for 2 h. After washing and drying, a
15 μL droplet (4 mg/mL) of biotinylated antibody solution was
placed on the chip and left for 3 h. Functionalization occurred in
high humidity environment to prevent droplet evaporation. All
chips were used immediately after functionalization.2.4. Sample preparation
E. coli K12 and Micrococcus luteus were grown on LB agar plates.
Low conductivity suspensions (1.0 ± 0.5 mS/m) were created by
suspending the bacteria in water, centrifuging at 5800 rpm for
10 min and repeating the suspension/centrifugation step twice. The
concentration of the stock suspension was determined with the use
of a Petroff-Hausser bacteria counter. Lower concentration samples
were prepared with serial dilutions from the stock and used within
a few hours.2.5. Dielectrophoretic bacterial capture
All experiments were carried out at room temperature. The bac-
teria suspensions were used immediately after dilution. The micro-
electrode chip was placed on a custom-made holder, which was
mounted on a motorized microscope stage. Power to the microelec-
trodes was supplied by a signal generator (BK Precision 4040A). The
microelectrodes were connected to the source so that a phase differ-
ence of 180° existed between adjacent electrodes. The value of ap-
plied voltage and frequency was monitored by an oscilloscope
(Tektronix 465). A 50 μL drop of the bacteria suspension was placed
over the microelectrode center using a micropipette (Fig. 1a). The
collection was run for 15 min at 10 kHz and 12 Vpp (peak-to-peak).
After collection, the chips were washed with PBS for 15 min, rinsed
with water and dried in a stream of air. Images of the captured bac-
teria were taken with a CCD camera (Lumera, Inﬁnity 3) coupled to
an optical microscope (Olympus, BX-41).
2.6. SEM sample preparation
Collected bacteria prepared for SEM visualization through a pro-
cedure adapted from previous work [22]. The chip containing the
captured bacteria was immersed in a 3% (v/v) glutaraldehyde solu-
tion in 0.1 M phosphate buffer saline (PBS) for 24 h. The chip was
then rinsed in PBS for 15 min. Cell dehydration was accomplished
by sequentially submerging the chip for 10 min each time in a series
of ethanol solutions in water in the following order: 10%, 30%, 50%,
70%, 90% and 100%. After critical point drying and gold-coating, the
surface of the chip was ready for SEM examination.
2.7. Raman measurements
A HORIBA Jobin Yvon micro-Raman Spectrometer (Model:
LabRAM) with a 632.8 nm He/Ne laser (17 mW), 1800 1/nm grating
and an Olympus BX-41 microscope system were used. The collection
of spectra was performed in the backscattered mode under the fol-
lowing conditions: ×100 microscope objective, 500 μm pinhole,
500 μm slit width. To ensure consistency across measurements, the
laser beamwas focused on the substrate so that it maximized the sil-
icon peak intensity at 521 cm−1.
2.7.1. Point measurements
Raman spectra were acquired from a total of twelve spots,
i.e., three spots per microelectrode gap (Fig. 1b). The spots were lo-
cated along the line of minimum microelectrode separation: two at
the electrodes’ edge and one midway in the gap. Each spectrum rep-
resents the average of two measurements. After acquisition, the
spectra were subjected to blank spectrum subtraction and baseline
correction.
2.7.2. PCA analysis
Principle component analysis (PCA) is a multivariate statistical tech-
nique which generates a set of uncorrelated indices from a linear combi-
nation of the original variables. The indices or principal components are
ordered by decreasing variance. Thus later principal components can po-
tentially become negligible. When the original set of variables are corre-
lated, later principal components can be discarded, reducing the
number of variables required to accurately describe the data. A total of
seventy-two reference Raman spectra were obtained; twenty-four of
E. coli, twenty-four ofM. luteus and twenty-four of a silicon surface func-
tionalized with BSA, avidin and biotinylated antibodies. The Raman spec-
tra were acquired at the previous conditions but with a slit width of
600 μm. The acquisitionwindowwas set from1150 to 1850 cm−1. An ac-
quisition time of 20 s and 3 averages were used for each spectrum. The
spectra were processed using Matlab 7.10.0 (R2010a). A Savitzky-Golay
FIR smoothing ﬁlter (polynomial order 2 and frame size 31) was applied
Fig. 1. Schematic presentation of the bacterial capture and detection process. (a) Bacteria suspended in a droplet are driven to accumulate at the tips of an energized quadrupolar micro-
electrode array bymeans of electroosmosis anddielectrophoresis. (b) Following droplet removal and rinsingwithwater,micro-Raman spectroscopy is used to probe eachof the four inter-
electrode gaps along the line of minimum separation.
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was then used to interpolate intensity values at whole number
wavenumbers from1200 to 1800 cm−1 for 601 data points per spectrum.
Lastly the spectra were normalized by subtracting the mean intensity
value and dividing the mean centered values by the length of the mean
centered vector. The built in Matlab function “princomp” was used to
carry out the PCA on the processed Raman spectra and calculate the prin-
ciple components.3. Results and discussion
3.1. E. coli capture at the microelectrodes
An example of the bacterial collection patterns that form in the
vicinity of the microelectrodes within a few minutes after the elec-
tric ﬁeld is turned on can be seen in Fig. 2a. The image was acquired
while the water droplet containing the bacterial suspension was
still in place. The bacteria, seen in Fig. 2a as dark formations, collect
near the edges of the gold microelectrodes. The speed and size of
these bacterial formations are strongly dependent on the concen-
tration of bacteria in the droplet, but also on the AC electric ﬁeld
conditions (voltage, frequency). The result seen in Fig. 2a was ob-
tained under conditions of 20 Vpp, 1 MHz and bulk concentration
of 109 bacteria/mL. The observed accumulation of bacteria is
caused by dielectrophoresis (DEP, in short), i.e., the deterministic
motion exhibited by polarizable objects as a result of their interac-
tion with a spatially non-uniform electric ﬁeld [23]. The intensity of
the latter depends on the voltage and frequency that is applied to
the microelectrodes. The force that causes dielectrophoresis of bac-
teria (dielectrophoretic force, FDEP) depends on the properties of the
liquid medium and microorganism, as well as the electric ﬁeld
characteristics. The time-averaged force ( 〈 FDEP 〉 ) is given by: [6]:
〈 FDEP 〉 ¼ 4πa1a2a3εmRefKeg∇jEj2 ð1Þ
where εm, is the permittivity of the suspension medium, Re{Ke} is
the real part of the Clausius–Mossotti factor (a measure of the bac-
terium’s polarizability) and E the intensity of the electric ﬁeld. As-
suming that the shape of an E. coli can be approximated with a
prolate spheroid, a1;a2;a3 above stand for the half lengths of its
major axes.
The Clausius–Mossotti factor can be calculated from:
Ke ¼∑Ken ð2Þwhere
Ken ¼ 13
ε ̃p  ε ̃m
Anðε ̃p  ε ̃mÞ þ ε ̃m ð3Þ
In Eq. (3),ε ̃m;ε ̃p are the complex permittivities of the suspensionme-
dium (water) and bacterium, respectively, and An is the depolarizing
factor for each axis n (n= 1, 2, 3).
The numerical sign of the parameter Re{Ke} has a major inﬂu-
ence on the bacterial capture patterns. Speciﬁcally, when Re{Ke}
assumes positive values, the dielectrophoretic force acting on the
bacteria causes them to accumulate in areas of high electric ﬁeld
gradients; this phenomenon is termed positive DEP. In the opposite
case (negative dielectrophoresis) the bacteria are pushed away
from such high ﬁeld intensity gradients. To help with the visualiza-
tion of locations where such high gradients exist in the microelec-
trode vicinity, the color map of Fig. 2b is included. Fig. 2b displays
the spatial variation of the gradient of the electric ﬁeld squared (∇
E2), a quantity that is proportional to the dielectrophoretic force (
FDEP∝∇jEj2). The simulations were performed using the ﬁnite ele-
ments software COMSOL Multiphysics®. It can be seen that high
electric ﬁeld intensity gradients occur at the edges of the micro-
electrodes and become more intense as the separation between
neighboring, i.e., oppositely charged, electrodes becomes smaller.
Cross-examination of Fig. 2a and b shows that the experimentally
observed bacterial accumulation patterns are the result of positive
dielectrophoresis (Re{Ke} > 0). Moreover, the strongest capture
force is expected to occur at the points where the separation gap
between adjacent electrodes is at its minimum.
An example of the bacterial collection patterns around the mi-
croelectrode tips after droplet removal and surface rinsing is seen
in Fig. 2c. The E. coli appear as green areas on the chip’s surface
(brown background) between the gold microelectrode tips. Evi-
dence that these areas correspond to captured bacteria is provided
by the SEM image of Fig. 2d, where the green areas are identiﬁed as
bacterial capture locations. This capture pattern is also consistent
with positive DEP, i.e., the concentration of captured E. coli be-
comes higher as the separation between adjacent microelectrodes
becomes smaller.
3.2. Effect of AC frequency and applied voltage on bacterial capture
efﬁciency
The effect of AC frequency and voltage on the bacterial sampling efﬁ-
ciency was investigated. The AC electric ﬁeld frequencies examinedwere
1 kHz, 10 kHz, 100 kHz and 1 MHz. First, the potential applied across the
Fig. 3.Microelectrode capture efﬁciency as a function of AC frequency and applied voltage (E. coli K12 concentration: 106 particles/mL). “Maximum allowable” is the voltage value above
which microelectrode damage was observed.
Fig. 2. (a) A typical bacterial collection pattern under positive dielectrophoresis with the droplet still in place. (b) Color plot illustrating the spatial variation of the quantity ∇jEj2 on the
microelectrode plane (bar: log10(∇jEj2), in V2 m−3). (c) and (d) Optical image and corresponding SEM of bacteria captured at the microelectrode tips after droplet removal and rinsing
[Conditions: 20 Vpp, 1 MHz, 109 bacteria/mL]. (For interpretation of the references to color in this ﬁgure legend, the reader is referred to the web version of this article.)
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potential difference that didnot result inmicroelectrodedamage at 1 kHz.
Samples of 30 μL volume containing 106 particles/mL were subjected to
an electricﬁeld continuously for a period of 15min. The sampling interval
of 15minwas determined experimentally to be themost effective electri-
ﬁcation time. Longer exposures to the electric ﬁeld produced noperceivable difference in the amount of captured bacteria. Themicrochips
were then rinsed with Millipore® ﬁltered water and dried in a nitrogen
gas stream. The results show a trend of increasing collection efﬁciency
with decreasing AC frequency (Fig. 3, top row). For a voltage of 8 Vpp
across the microelectrodes, no collection was noticeable in the case of
1 MHz, hence the results are omitted. Poor capture efﬁciency is noticed
Fig. 4. (a) Experimentally obtained Raman spectra ofMicrococcus luteus and Escherichia coliK12 on an oxidized siliconwafer. The Raman spectrum of the Ab functionalized substrate (con-
trol) is included for comparison. Spectra have intensity values vertically shifted for visualization purposes. (b) Three distinct clusters are established through principle component analysis
performed on Raman spectra collected fromM. luteus, E. coli, or anti-K12 functionalized substrates.
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terial collection is noticeable. Although the observed capture patterns
varied slightly among replicates, the results did not differ substantially
between 10 kHz and 1 kHz. Overall, these tests show that, for the
same applied voltage value, a better collection is to be expected at the
lower electric ﬁeld frequency window [1–10 kHz]. The fact that bacteri-
al collection efﬁciency varies with frequency also indicates that AC elec-
troosmosis plays a signiﬁcant role in the signal ampliﬁcation process.
More speciﬁcally, it is known that AC electroosmosis becomes
insigniﬁcant over 100 kHz [6], which in our case, coincides with the
upper frequency limit of bacterial detection. A thorough exploration of
the AC electroosmotic effect on the bacterial captures observed in our
experiments has been reported elsewhere [24].
Although high AC frequencies show poor bacterial capture
performance, they permit higher voltages to be applied without
noticeable electrode damage. Our experimental investigation
showed that the maximum sustainable potential, i.e., the potential
above which microelectrode deterioration due to electrochemical
reactions begins to occur, increases gradually with frequency. For
the speciﬁc set of microelectrodes used in our experiments, the
maximum voltage values that could be applied were 8 Vpp
(1 kHz), 13 Vpp (10 kHz), 20 Vpp (100 kHz), and 20 Vpp (1 MHz).
The value of 20 Vpp corresponds to the maximum output potential
of the signal generator. The above differences can have a substan-
tial effect on bacterial capture efﬁciency if one considers that
dielectrophoresis scales with the second power of voltage (Eq. (1)).
Fig. 3 (bottom row) displays images of the electrodes taken after
15min of sampling time under maximum allowable voltage for each fre-
quency. The most effective combination among those examined was
found to be 13 Vpp at 10 kHz, resulting in the formation of a very intense
diamond pattern between electrode tips. The results also underline the
signiﬁcant effect of applied voltage. For example, although insigniﬁcant
collection was observed at 8 Vpp at 100 kHz, the respective collection at
20 Vpp is, in fact, more intense than that at 8 Vpp, 1 kHz. The bacteria col-
lection performance at 1MHz and all voltages up to 20 Vppwas very poor,
hence it is not included in the comparison.3.3. Detection of bacteria with micro-Raman spectroscopy
3.3.1. Raman spectra of bacteria
Having identiﬁed a set of favorable (f, V) conditions for bacterial
sampling, the focus is now shifted to the assessment of micro-Raman as a suitable signal transduction method. The Raman
spectra for E. coli (target bacterium) and M. luteus are shown
in Fig. 4a. The spectra were obtained from bacterial ﬁlms formed
on an oxidized silicon wafer through droplet evaporation. It can
be seen that, in both cases, the strongest Raman shift occurs in
the region 2850–3050 cm−1 (indicated by the arrow in Fig. 4a)
and consists of overlapping, non-speciﬁc organic >CH2 and –CH3
stretching modes [25]. This broad peak is so strong that makes
possible the detection of a single bacterium by means of micro-
Raman spectroscopy. On the other hand, the (mono) layer of BSA
and antibodies alone produces a very weak Raman signal with a
peak of negligible intensity in the same region.
Although the detection of captured bacteria can easily be
accomplished by readily monitoring the 2850–3050 cm−1 Raman
shift, use of a different region of the spectrum (1200–1800 cm−
1) is necessary for the identiﬁcation of the captured microorgan-
ism. This can be accomplished by means of Principle Component
Analysis (PCA), an example of which is presented in Fig. 4b.
Using this method, the Raman spectra of E. coli, M. luteus and
antibody-functionalized surface are easily separable in distinct
clusters. The separation of clusters shows that an identiﬁcation
algorithm based on PCA can identify speciﬁc bacteria strains
along with blank samples. The clusters were veriﬁed using hierar-
chal clustering and K-means clustering. Both clustering methods
used the ﬁrst two principle components for classiﬁcation. Labeling
based on hierarchal clustering was based on minimizing the
distance between data points. K-means clustering used two
different methods to identify clusters. The ﬁrst was an iterative
process to identify a centroid which would minimize the
squared Euclidean distance between the centroid and points
assigned to that cluster. The second method determined a centroid
based on minimizing the sum of absolute differences between the
centroid and data points of that particular cluster. All three
clustering methods correctly identiﬁed the three clusters with
none of the samples being assigned to an incorrect cluster.3.3.2. Limit of detection
The ability of the method to detect the presence of E. coli at low
concentrations was tested and compared against various controls.
The results are summarized in Fig. 5. Fig. 5a is a plot of the mea-
sured area-under-curve of the broad peak at 2850–3050 cm−1 vs.
bacterial concentration in the droplet. Each point in the graph
Fig. 6.Demonstration of themethod’s selectivity to E. coli: (a) A collection pattern obtain-
ed from a sample containing a heterogeneous population of bacteria after droplet removal
and rinsing. The identiﬁcation of the captured microorganisms was performed with
Raman spectroscopy. The dashed circle indicates the presence of a non-target bacterium
(M. luteus).
Fig. 5. (a) Signal intensity as a function of bacteria concentration under various experimental conditions. (b) Correlation between the Raman signal strength of captured E. coli K12 and
their respective concentration in the water droplet.
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sets × 12 locations per microelectrode). The data set indicated as
“E. coli” corresponds to the results obtained when combining an
anti-E. coli capture layer and an electric ﬁeld of 12 Vpp and 10 kHz.
E. coli detection from samples at concentrations as low as 102 bac-
teria/mL can be seen. This is impressive considering that a 50 μL
droplet contains a total of roughly 5 bacteria. Visible light micros-
copy revealed that this detection signal was the result of 1 or 2 cap-
tured bacteria at the electrode tips. On the other hand, poor
collection efﬁciency is observed at 12 Vpp on surfaces that
contained BSA and avidin but no antibodies (data set: “BSA at
12V”). Apparently, although the electric ﬁeld can attract E. coli to
the surface, the presence of a hydrophilic protein layer and absence
of antibodies causes the removal of the captured bacteria during
the rinsing step. Similarly, when an antibody layer is present but
no electric ﬁeld is activated, not collection can be observed within
15 min (data set: “Ab 0V”).
The results acquired when combining an electric ﬁeld and an
antibody-functionalized layer (data set “E. coli”) are plotted again
in a log–log plot (Fig. 5b) so that the strong signal acquired from
low concentration samples can be appreciated. As also mentioned
above, the method is sensitive enough to detect the presence of a
single bacterium captured at the gaps between the electrode tips.
In the present case, a second degree polynomial can correlate rea-
sonably well the measured area-under-curve with bacterial con-
centration in the bulk.
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The selectivity of the method was tested by performing the
same detection protocol using suspensions of M. luteus instead of
E. coli. The results can be seen in Fig. 5a (data set: “ML”). A remark-
able degree of selectivity is observed for concentrations up to 105
bacteria/mL. At higher concentrations, it can be seen that some
M. luteus becomes non-speciﬁcally attached to the surface.
Finally, the ability of the method to selectively retain a target
pathogen in samples containing mixed bacterial populations was
brieﬂy tested using 50:50 mixtures of E. coli and M. luteus with
total concentration of 1 × 104 bacteria/mL. The sampling protocol
was kept the same as before (10 kHz, 12 Vpp, 15 min of electric
ﬁeld exposure). Fig. 6 shows a characteristic capture pattern from
these tests. Identiﬁcation of the captured bacteria performed with
the aid of micro-Raman spectroscopy revealed the predominance
of E. coli in the area of the microelectrode tips. Only one of the cap-
tured bacteria (circled) was identiﬁed as M. luteus. When the same
experiment was repeated, noM. luteus could be detected. It must be
noted that the results with M. luteus are presented here as the
“worst case scenario” since this microorganism was found to be te-
naciously sticky. Other experiments performed with Pseudomonas
ﬂuorescens (results not shown) resulted in minimal retention of
non-target bacteria, even at higher concentrations (109 bacteria/
mL).
4. Conclusions
A simple, sensitive and label-free method for bacterial detection
from microliter droplets has been presented. Accelerated and fo-
cused collection of target bacteria within the droplet to the detec-
tion area is accomplished with the aid of quadrupolar planar
microelectrodes, while detection is achieved by means of micro-
Raman spectroscopy. Detection was successful at concentrations
as low as 102 bacteria/mL. This is impressive considering that a
sample droplet of 50 μL in size contains a total of roughly 5 bacteria.
In fact, the method is sensitive enough to detect the capture of a
single bacterium. It must be noted that the bacterial capture efﬁ-
ciency (“sampling”) was found to be very sensitive to the selection
of the applied voltage and AC frequency values. Tests performed in
the range 1–20 Vpp and 1 kHz–1 MHz showed that the most effec-
tive combination by a wide margin was (13 Vpp, 10 kHz). Overall,
high capture efﬁciencies were observed at low frequencies, which
underlines the key role of electroosmosis on the transport and fo-
cusing of bacteria. However, it was also found experimentally that
low frequencies impose a limitation on the value of the potential
difference that can be applied without causing microelectrode
damage.
The ability to achieve localized concentration ampliﬁcation of
the target agent in areas of only a few μm2 using specially designed
microelectrodes makes micro-Raman spectroscopy a sensitive and
efﬁcient tool for biosensing. Moreover, monoculture and mixed
populations experiments demonstrated that microelectrodes func-
tionalized with anti-E. coli imparted selectivity to the detection
process, as evidenced from the much higher capture rate (and
stronger Raman signal) of target bacteria compared to non-target
M. luteus. The selectivity of the present method can be improved
further with the use of monoclonal antibodies and by employing
an immobilization method that substantially increases antibody
surface density.
The capabilities of the presently described method can extend
beyond detection to bacterial identiﬁcation, if combined with mul-
tivariate statistical analysis, as was brieﬂy illustrated here and else-
where [19]. Moreover, as already shown with yeast cells [26],
dielectrophoretic trapping and SERS can possibly be combined to-
ward the chemical surveillance of individual bacteria or bacterial
aggregates in microﬂuidic environments. Finally, the presentlydescribed method can be used with a water immersion lens to
eliminate the washing and drying steps, or in ﬂow-through
microﬂuidic systems for online sample monitoring. Our group is
currently working on a proof-of-principle demonstration of these
applications. Numerical simulations that elucidate the effect of
electric ﬁeld parameters on the observed bacterial capture are
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